Abstract. The goals of this work were to (i) establish a method for building subject-specific biomechanical models from medical image data, (ii) construct a subject-specific model of the elbow, and (iii) quantify the accuracy of soft tissue excursions estimated from the model. We developed a kinematic model of the elbow joint and its surrounding musculature from magnetic resonance images of a 6'4" male cadaver specimen in one limb position. Moment arms estimated from the model (i.e., the changes in muscle-tendon lengths with elbow flexion angle) were compared to moment arms measured experimentally from the same specimen. In five of the six muscles studied, the model explained 84%-94% of the variation in the experimental data. Model estimates of peak elbow flexion moment arm were within 13% of the experimental peaks. Our results suggest that subjectspecific musculoskeletal models derived from medical image data have the potential to substantially improve estimates of soft tissue excursions in living subjects.
Introduction
Quantification of soft tissue excursions that occur during movement is important for the planning of orthopaedic surgical interventions, such as tendon transfers and osteotomies. Surgeons frequently introduce changes in muscle force-and momentgenerating properties by modifying the length and moment arm of a muscle. Although these changes are usually intended to improve function (e.g., tendon transfer surgeries which enhance hand grasp function in persons with spinal cord injury), they can leave patients with weak or dysfunctional limbs if the muscle fibers are too long or too short postoperatively to generate active force or if the moment arms of the muscles are compromised. Predicting the biomechanical consequences of surgical alterations, therefore, requires detailed knowledge of the soft tissue lengths and excursions before and after the intervention. Muscle-tendon lengths and moment arms are commonly estimated in cadaver specimens (e.g., [1, 2] ) or using nominal biomechanical models (e.g., [3, 4] ). However, it remains unclear whether "averaged" experimental data or generic models accurately represent populations that have not been studied in anatomical preparations, such as children or individuals with pathologies (e.g., bone deformities or muscle contracture). Because patients undergoing surgical reconstructions of musculoskeletal structures frequently fall into this category, methods that enable soft tissue excursions of individual subjects to be estimated in vivo are needed.
Computer-generated three-dimensional (3D) reconstructions from computed tomography (CT) or magnetic resonance (MR) images provide an accurate, noninvasive method to quantify musculoskeletal anatomy in living subjects [5, 6] . However, accurate measurements of muscle-tendon excursions from medical image data would require extensive imaging protocols to capture the orientations and positions of the muscles in several different joint positions. The combination of medical imaging and graphics-based musculoskeletal modeling is a promising alternative for estimating muscle-tendon lengths and moment arms in living subjects. For instance, a 3D reconstruction of a limb in one joint position can be animated by making basic assumptions about joint kinematics and musculotendon travel with joint rotation. This hybrid method would drastically reduce the time, expense, and data processing concerns that currently limit the applications of 3D reconstructions of medical image data. However, methods for creating subject-specific biomechanical models need to be established. Also, it is critical to demonstrate the accuracy of any model before it can be used to guide patient-specific treatment decisions.
The specific aim of this study was to create a biomechanical model of the elbow joint and its surrounding musculature from MR images and to quantify the accuracy of muscle moment arms estimated using the model. Because a muscle's moment arm determines its change in length over a range of motion [7] , our assessment of moment arms in this study also provides a rigorous test of our model's capacity to estimate muscle-tendon lengths and excursions.
Methods
A 3D reconstruction of the upper extremity harvested from a 6'4" male cadaver specimen was created from MR images, and a kinematic model of the elbow joint and its surrounding musculature was constructed based on the 3D surface models of the muscles and bones. To determine the accuracy of the model over a range of elbow flexion, moment arms of the brachioradialis, biceps, extensor carpi radialis longus (ECRL), brachialis, pronator teres, and triceps estimated from the model were compared to the moment arms determined experimentally from the same specimen, We also compared the moment arms of the 6'4" specimen to the moment arms estimated from a 5'0" specimen to quantify differences that might be observed between individuals of different sizes and to provide some context for evaluating the errors of our model.
Construction of the 3D Surfaces
Axial and sagittal images of the upper extremity specimen were obtained using a GE Signa MRI Scanner (Series 2, 1.5T). Five overlapping series of Tl-weighted spinecho images were collected (Table I ). In four of the image series, the specimen was scanned in the transverse plane from the proximal scapula to the wrist joint with the elbow fully extended and the forearm pronated approximately 60 ~ In the fifth series, sagittal images of the elbow joint were obtained with the elbow flexed approximately 30 ~ and the forearm pronated 60 ~ All series were scanned in contiguous 3 mm slices using an extremity coil, except for the proximal humerus which was scanned using a license plate surface coil. To facilitate registration of the images, multiple Vitamin E capsules were secured to the specimen at the axilla of the upper arm, the distal humerus, and the proximal forearm. Boundaries of the humerus, radius, ulna, the long head of the biceps, the brachialis, the brachioradialis, the ECRL, the pronator teres, and the lateral head of the triceps were identified manually in individual slices. A 3D surface representing each anatomical structure was created from the two-dimensional boundaries in serial images. Muscle attachment sites on the bones were identified by placing markers within the images. Three-dimensional surface models of the Vitamin E capsules visible in each series were also created. The homogeneous transformations between overlapping series of images were calculated from the centroids of the Vitamin E capsules using a least-squares algorithm [8] .
Development of the Kinematic Model
The bone and muscle surfaces obtained from the MR images were used to construct a kinematic model of the elbow joint and its surrounding musculature (Fig. 1) . Elbow flexion-extension was modeled as a uniaxial hinge joint with its axis passing through the centers of the capitulum and trochlear groove [9, 10, 11, 12] . The center of the capitulum was estimated from a sphere that was fit to its surface. Similarly, the center of the trochlear groove was estimated by fitting a circle to the trochlear groove~ Elbow flexion was defined from full extension (0 ~ flexion) to 130 ~ flexion.
The lines of action of the elbow muscles were represented in the model as a series of points connected by line segments. Origin and insertion points were defined based on the centroids of the muscle attachment sites on the bones. Due to the curvature of the humeral shaft, the calculated centroid of the brachialis origin did not lie on the bone surface. This point was translated anteriorly to place the origin on the surface of the humerus. Because the scapula was not imaged, an effective origin for the biceps was defined along the intertubercular sulcus. Similarly, because the hand was not imaged, an effective origin of ECRL was defined on the distal radius.
In addition to origin and insertion points, intermediate 'wrapping' points were defined as a function of elbow flexion angle. The locations of the wrapping points in full extension were based on the 3D muscle surfaces. As the elbow was flexed, wrapping points that were a shorter distance from the axis of rotation than both of a muscle's attachment sites were removed from the path because a recent anatomical study has shown that the shortest distance between the flexion-extension axis and an elbow muscle's attachment sites indicates peak moment arm [13] . For the triceps, wrapping points were ~ to the path during flexion to model the tendon of the triceps wrapping over the olecranon process of the ulna. We constrained the models of the muscle-tendon paths so that introducing or removing an intermediate point did not cause an instantaneous change in moment arm or muscle-tendon length. Intermediate 'via' points were also defined, and remained in the model over the entire range of motion to prevent the paths from penetrating bone surfaces. The via points in the model had no substantial effects on the estimated moment arms. Moment arms were estimated with the model using the partial velocity method [14] .
Determination of Muscle Moment Arms from Tendon Displacement Data
Elbow flexion moment arms were estimated experimentally in both the 6'4" male specimen and a 5'0" female specimen. Using the tendon displacement method [7] , moment arm (ma) was calculated as the partial derivative of muscle-tendon length (c~e) with respect to elbow flexion angle (0). That is,
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The shoulder joint was disarticulated, the skin and fascia proximal to the wrist joint were removed, and the muscles were prepared as described previously [2] . The upper extremity was mounted on a horizontal surface, supported at the humeral head and the medial epicondyle. Elbow flexion angle was measured with an electrogoniometer (Penny and Giles Biometrics, United Kingdom). Tendon displacement measurements were made by connecting each muscle to a Celesco PT101 position transducer (Celesco Transducer Products, Canoga Park, CA) with a wire and slowly moving the forearm through approximately 120 ~ of elbow flexion. The forearm was maintained in neutral (0 ~ pronation/supination) during moment arm measurements. 
Assessment of the Accuracy of the Model
The moment ann vs elbow flexion angle curves estimated using the MR based model were quantitatively compared to the moment arms determined experimentally for the large male specimen. For each muscle, the correlation coefficient and the root mean square (RMS) error between the model estimate and the anatomical data were calculated. The square of the correlation coefficient denotes the variation in the experimental data that is accounted for by the model. The RMS error is a measure of the average, absolute value of the difference between the model estimate and the experimental data. That is,
where N is the number of data points, ma ~ is the ita value of the experimental data, and may is the corresponding value of the model moment arm. We also compared the model estimate of peak moment arm to the peak from the experimental data.
Quantitative comparisons between the experimental data from the 6'4" and 5'0" cadaver specimens provided a means to evaluate the significance of the model errors.
Results
The MR based model captured the salient features of the experimental data. In five of the six muscles studied, the correlation coefficients between the model curves and the experimentally determined moment arms were greater than 0.9, and the model explained 84%-94% of the variation in the data (Fig. 2) . RMS errors of the model ranged from 3 mm to 7 mm (Fig. 3) , and the model estimates of peak elbow flexion moment arms were within 13% of the peaks estimated experimentally (Fig. 4) . Errors in the moment arms from the MR model were generally smaller than differences between the 6'4" male specimen and the 5'0" female specimen. For instance, the errors in the model estimates of peak moment arms were substantially smaller than the differences between peaks in the large and small specimens (Fig. 4) . However, for four muscles (biceps, brachialis, pronator teres, and triceps), the model RMS errors were comparable to the differences between the experimental data sets (Fig. 3) . For pronator teres and triceps, this occurred because there were only small differences between the moment arms from the 5'0" female and the 6'4" male (Fig. 5 , compare differences in PT and TRI curves to differences in BRD curves). In contrast, the model RMS errors for biceps and brachialis were relatively large because the model estimates were shifted versions of the experimental curves (Fig. 2B) . If the model estimates of biceps and brachialis moment arms were shifted by -20 ~ the model's RMS errors would decrease to 2 mm and 4 ram, respectively. Similarly, given a -20" angular shift, the correlation coefficients would increase from 0.916 to 0.998 (biceps) and from 0.783 to 0.987 (brachialis). Thus, the model estimates of biceps and brachialis moment arms could be significantly improved if the source of the angular discrepancy between the model and the experimental data could be identified and addressed.
Of the six muscles evaluated, the brachialis model yielded the least accurate estimate of muscle moment arm. Unlike the other muscles, peak moment arm was not estimated to within 10% by the model, and the model explained only 61% of the variation in the brachialis experimental data. Brachialis has a broad origin on the humerus, and the discrepancy between model and experimental curves may be due to limitations in (i) representing muscles with broad attachments with single origin or insertion points or (ii) obtaining accurate experimental estimates of moment arms from muscles with broad attachment sites. 
Discussion
Orthopaedic surgical procedures frequently alter the lengths and moment arms of muscles; however, they are planned with little quantitative data that describe muscle function before surgery, or how muscle function might be altered postoperatively.
While generic musculoskeletal models have provided some useful clinical insights (e.g., [15] ), the accuracy and reliability of generic models for estimating soft-tissue excursions in individuals of different sizes, ages, and pathologies has not been tested.
We believe the development of accurate, time-effective and cost-effective methods to build subject-specific biomechanical models from medical images could provide important insights needed to design and implement more effective surgical procedures. In this study, we created a "specimen-specific" kinematic model of the elbow joint and its surrounding musculature, and we quantified the accuracy of muscle moment arms estimated using the model. The model was developed from a minimal set of medical image data--a 3D reconstruction of an upper extremity specimen in a single joint position. Nevertheless, the model was able to capture the salient features of elbow flexion moment arms determined experimentally on the same specimen. Clearly, previous studies which characterized elbow joint kinematics [9, 10, 11, 12] and identified the determinants of peak elbow flexion moment arm [13] guided the development of our model and contributed to the success of our approach. It may be more difficult to develop accurate models of joints with more complex kinematics and muscle-tendon paths, such as the shoulder or the knee, or to characterize joint kinematics a priori in a patient with bone deformities. Not surprisingly, the largest source of error in our moment arm estimates was the variation in the moment arms with elbow flexion angle. Further investigation of how muscle-tendon paths change with joint motions in vivo would improve the reliability of biomechanical models constructed from a minimal set of medical images.
The results of our study suggest that subject-specific models could greatly improve estimates of soft-tissue excursions in living subjects. Few investigators have attempted to quantify differences in moment arms across differently sized specimens, and most existing musculoskeletal models represent an adult male of average stature. In this study, we found that errors in the elbow flexion moment arms estimated from the MR based model were generally smaller than differences between the 6'4" male specimen and a 5'0" female specimen. The moment arms of the most commonly referenced experimental data [16] are similar to the moment arms of the 5'0" specimen in our study, indicating that the MR based model provides a more accurate representation of the 6'4" specimen than the generally accepted literature standard. Peak moment arms estimated using a commonly cited kinematic model of the elbow joint [17] are comparable to the MR based estimates for some muscles (biceps, brachialis, triceps), but are substantially smaller for others (brachioradialis, ECRL, pronator teres). For individuals with bone deformities or other musculoskeletal pathologies, moment arms estimated from experimental data or generic models are likely to be even less accurate. Although the development of subject-specific models for diverse patient populations will require considerable additional effort, the work presented in this paper represents an important first step.
